Remarkably little is known about the evolution of the emblematic genus Amorphophallus. To shed new light on phylogenetic relationships between species of Amorphophallus and test its current classification, the first well-sampled molecular phylogenetic analysis is presented here, comprising 157 species for which we generate nuclear (ITS1) and plastid (rbcL and matK) sequences. Our combined plastid and nuclear maximum likelihood and Bayesian inferences provide a solid backbone for subgeneric delineation in supporting the existence of four major clades. These latter clades are here formally recognized as subgenera (two of which are new): Amorphophallus, Metandrium, Scutandrium and Afrophallus. Each subgenus is discussed based on selected morphological features and additional traits (e.g. distribution). Finally, our results strongly support the inclusion of the genus Pseudodracontium in Amorphophallus and the required taxonomic changes are proposed here. In addition to clarifying species relationships in Amorphophallus and proposing a new infrageneric classification, this study provides a baseline for researchers working on the evolution and biogeography of Araceae and more broadly on the tropical flora, especially in Southeast Asia.
INTRODUCTION
Amorphophallus Blume ex Decne. (Araceae) comprises mainly lowland plants, growing in the tropical and subtropical zones of the Palaeotropics from West Africa to the Pacific Islands and Japan (Mayo, Bogner & Boyce, 1997) . The centre of diversity is in Southeast Asia, which is home to c. 70% of the estimated 219 species (Boyce & Croat, 2011) .
Amorphophallus outranks all other aroid genera in morphological diversity (Hetterscheid & Ittenbach, 1996) . Almost every plant organ shows remarkable variation, but plant size is probably the most obvious variable character. The smallest species, A. pusillus Hett. & Serebr. and A. ongsakulii Hett. & A.Galloway, have a spathe of no more than 3 cm long, whereas the giant of the genus, A. titanum (Becc.) Becc. ex Arcang. has a spathe reaching >2 m in length. Tuber size varies from 1 cm to >1 m in diameter and tuber weight varies from 1 g in the smallest species to 150 kg in A. titanum.
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There is an equally wide variation in leaf size (2 cm-5 m in length and 3 cm-7 m in lamina diameter) and architecture, petiole patterning, shape of the appendix, shape and distribution of staminodes and other characters.
The basically tripartite leaf evokes the image of a sapling tree in many species: the single stem of the leaf is topped by a horizontal decompound lamina. The leaflets often have drip-tips, thus 'disguising' the plants among numerous young seedling trees in the immediate surroundings. In addition, the petiole surface of many species is covered with dots, blotches, warts and crust-like spots, seemingly imitating patterns of lichen and/or algae on a woody stem. Inflorescence may be solitary, simultaneous with or directly preceding or rarely emerging directly after leaf development or leaf senescence.
Taxonomic hisTory
Blume (1837) presented the first suprageneric and infrageneric classification of Amorphophallus, treating it as part of the new tribe Thomsonieae. Brown (1882) proposed the genus Pseudodracontium N.E.Br., distinct from Amorphophallus. Pseudodracontium was taxonomically revised by Serebryanyi (1995) . Engler (1911) presented the most recent comprehensive classification of Amorphophallus, but he recognized a number of closely related genera separate from Amorphophallus, viz. Thomsonia Wall., Plesmonium Schott, Pseudodracontium, Anchomanes Schott and Pseudohydrosme Engl., these genera being accommodated in tribe Amorphophalleae. Thomsonia and Plesmonium were subsequently included in Amorphophallus and Anchomanes and Pseudohydrosme were transferred to other tribes (Bogner, Mayo & Sivadasan, 1985) . Hetterscheid (1994) presented arguments for the reduction of Pseudodracontium to Amorphophallus and Hetterscheid & Claudel (2012) formalized this step, resulting in Thomsonieae now being monogeneric. The last attempt to resurrect a genus earlier subsumed in Amorphophallus was made by Ying (1991) , who published two new combinations of Taiwanese Amorphophallus spp. in the long defunct genus Hydrosme Schott. This taxonomic decision has not been accepted by taxonomists (Hetterscheid & Peng, 1995) and is not followed in recent treatments of Amorphophallus in the Flora of Thailand or the Flora of China (Li & Hetterscheid, 2010) . The monophyly of Thomsonieae was already presumed by Hetterscheid (1994 , see also Serebryanyi, 1995 based on morphological characters that are (nearly) unique in Araceae. This tribal monophyly has since been confirmed in all molecular phylogenetic analyses (Grob et al., 2002; Grob, Gravendeel & Eurlings, 2004; Cabrera et al., 2008; Sedayu et al., 2010; Cusimano et al., 2011) . The monophyly of Amorphophallus has, however, not been corroborated by phylogenetic analyses so far. Molecular phylogenetic studies of Thomsonieae (Grob et al., 2002 (Grob et al., , 2004 Sedayu et al., 2010) have shown conclusively that Pseudodracontium is nested in Amorphophallus, thus providing phylogenetic support for the taxonomic decision of Hetterscheid & Claudel (2012) .
Despite these changes and new combinations at the generic level, the subgeneric classification of Amorphophallus remained intact; ten out of the 11 sections accepted by Engler (1911) are still recognized and have not been revised since. The only change in the subgeneric classification has been presented by Sivadasan (1989) who merged section Synantherias with section Rhaphiophallus (Schott) Engl., both characterized by the presence of neuter flowers. This decision was followed by Jaleel et al. (2011) who presented a revision of the Indian species of section Rhaphiophallus.
The first phylogenetic analysis of Araceae based on molecular markers (Cabrera et al., 2008) placed tribe Thomsonieae (Amorphophallus + Pseudodracontium still being regarded as separate genera at that time) as sister to Caladieae. This relationship was later confirmed by further molecular studies of the family (Cusimano et al., 2011; Nauheimer, Metzler & Renner, 2012; Henriquez et al., 2014) . The first analyses of species-level relationships in Amorphophallus were based on limited sampling (c. 30% of species diversity) (Grob et al., 2002 (Grob et al., , 2004 Sedayu et al., 2010) and revealed a small number of well-supported clades, the relationships among which were unresolved.
This study expands the taxonomic sampling included in a previous molecular phylogenetic analysis from 69 species (Sedayu et al., 2010) to 157 species, representing 70% of the known species diversity in the genus. We analyse DNA sequence data from nuclear (ITS1) and plastid (rbcL and matK) genomes with the following specific aims: (1) to validate the position of Amorphophallus within Araceae; (2) to test its monophyly with respect to Pseudodracontium and (3) to propose a new subgeneric classification.
MATERIAL AND METHODS

sampling
Fresh material from all available extant Amorphophallus spp. was sampled (see Appendix for sampled material). Our material derives from well-curated collections at botanical gardens (notably Leiden BG, the former Wageningen BG in the Netherlands and Hamburg BG in Germany), complemented by additional fresh or freshly conserved leaf material from collaborators. Herbarium or spirit specimens for all the taxa used in this study are deposited at the Leiden (L) branch of the National Herbarium of the Netherlands or Herbarium Hamburgense (HBG).
marker and sequence sampling
Initially four molecular markers were chosen, based on previously sequenced loci for Araceae and expected amount of phylogenetic information. These were the internal transcribed spacer 1 (ITS1), the second intron of the Floricaula/Leafy gene (FLint2), the entire ribulose-bisphosphate carboxylase gene (rbcL) gene and the partial maturase K gene (matK). In case of the FLint2, rbcL and matK genes, previous studies (Batista, 2008; Grob et al., 2002 Grob et al., , 2004 Sedayu et al., 2010) had successfully applied these loci, providing a set of 72 FLint2 and rbcL sequences and 49 matK sequences for Amorphophallus and related taxa. ITS1 from 152 Amorphophallus spp. and one species of the former genus Pseudodracontium was sequenced and concatenated with the data from the FLint2 intron, rbcL and matK sequences already available and one rbcL and matK sequence each representing the genera Anchomanes Schott, Gonatopus Engl. and Hapaline Schott as outgroup taxa. One sequence of Amorphophallus lanceolatus (Serebr.) Hett. & Claudel was included as representative for the 'Pseudodracontium' species alliance. One sequence was estimated to be sufficient as this group is morphologically homogeneous (Serebryanyi, 1995) . Because several individuals used in the previous studies from Grob et al. (2002 Grob et al. ( , 2004 and Sedayu et al. (2010) were no longer available, we replaced them with other genotypes of the same species. However, on the basis of the available plastid sequences, genetic differentiation within Amorphophallus is low and does not allow to discriminate between closely related species, e.g. rbcL sequences are identical in A. variabilis Bl. (GenBank accession AF497103), A. sagittarius Steen. (GenBank accession AF497097) and A. decus-silvae Backer & Alderw. (GenBank accession AF497071). However, one exception is known. Sedayu et al. (2010) analysed the rbcL gene of a second accession (GenBank accession DQ012488) of A. galbra F.M.Bailey from Papua New Guinea and compared it to an accession (GenBank accession AF497075) previously sampled by Grob et al. (2004) from Australia. Two DNA substitutions are located at the beginning of the sequence. However, as Sedayu et al. (2010) stated: 'The sequences are derived from plants with conspicuously different vegetative morphologies…it suggests that A. galbra needs further taxonomic revision and perhaps a redefinition of its species boundaries'. The same applies to the matK sequences, for which infraspecific variability equals zero. Furthermore, it was taken care that genotypes chosen as substitutes originated from the same geographic location whenever possible. For a detailed list of the examined material and the sequences used from GenBank, see Appendix.
The phylogeneTic uTiliTy of FLint2 aT lower Taxonomic levels
Amorphophallus has been demonstrated by Grob et al. (2004) . However, due to dinucleotide tandem repeats and repeated regions, sequencing and aligning of FLint2 might be problematic and, as indicated by Grob et al. (2004) in the case of A. napiger Gagn., different alleles containing different phylogenetic information can be present in different individuals of one species. Grob et al. (2004) Total genomic DNA was extracted from fresh or silica gel-dried leaf material using the Analytik Jena innuPREP Plant DNA Kit (Analytik Jena AG). Initial ITS amplification was performed using the primer pair described by Käss & Wink (1997) and modified following Beyra Matos & Lavin (1999) . Based on the first sequences more specific primers were designed. Available FLint2, rbcL and matK sequences (Grob et al., 2004; Sedayu et al., 2010) were used to design new primer pairs. Amplification of ITS1 and FLint2 were performed in a total reaction volume of 35 µL containing 2 mM MgCl 2 , 1× buffer, 4% DMSO, 200 µM DNTPs, 10 µM forward primer, 10 µM reverse primer, 1-2 U Thermo-Start Taq DNA Polymerase (Thermo Scientific, Germany), c. 20 ng genomic DNA and distilled H 2 O to volume. For amplifications of rbcL and matK, DMSO was replaced by a BSA solution at 0.5 µg/µL final concentration. The newly designed primer pairs used were: ITS 1AF 5′-GAGGAAGGAGAAGTCGTAACA-3′, ITS 2AR 5′-ACTTGCGTTCAAAGATTCGAT-3′; FLintF 5′-CTCTTCCACCTCTACGACCAGTG-3′, FLintR 5′ -CATCTTGGGCTTGTTGATGTAGC -3′; RBCL1F 5′-ATGTCACCACAAACAGAAAC-3′, RBCL3R 5′-GGTAGTCATGCATTACGATAG-3′, R B C L 2 F 5 ′ -T A C T G C A G G T A C G T G T G A A G -3′, RBCL4R 5′-GAATTACTGAATTACGCAAGC-3′; MATK3F 5′-GTATCAGATATACTAATACCC-3′, MATK4R 5′-GACCAAATCGATCAATAATAT-3′. All amplifications were performed in type T personal and T gradient thermocyclers (Biometra, Göttingen, Germany) using the following programmes for the different loci: FLint2 and ITS1 -7 min initial denaturation at 95 °C; 15 s at 64 °C, 30 s at 72 °C, 2 min at 95 °C, 15 s at 64 °C, 30 s at 72 °C, 2 min at 95 °C, 15 s at 64 °C, 30 s at 72 °C followed by 38 cycles of 30 s at 95 °C, 15 s at 63 °C and 30 s at 72 °C plus 1 s more at each following cycle followed by a final extension of 5 min at 72 °C; rbcL and matK -10 min initial denaturation at 95 °C; 15 s at 51 °C, 45 s at 72 °C, 2 min at 95 °C, 15 s at 51 °C, 45 s at 72 °C followed by 32 cycles of 30 s at 95 °C, 15 s at 50 °C and 45 s at 72 °C plus 1 s more at each following cycle followed by a final extension of 5 min at 72 °C. The resulting FLint2 PCR products were purified using a gel extraction procedure. The stained bands were excised under UV light and put in a tube containing 250 µL of HPLC purified water (Carl Roth, Karlsruhe, Germany). After diffusion of the PCR product into the water, the remaining agarose was removed and an alcohol precipitation was performed. The PCR products from ITS1, rbcL and matK were not purified, but directly sequenced. Cycle sequencing was performed using the Prism Big Dye Terminator Cycle Sequencing-Ready-Reaction kit (Applied Biosystems, Darmstadt, Germany). The reaction volume of 20 μL included 0.6 mM primer, 6.5 μL buffer and 1.5 μL dye reaction mix and 0.5-1.0 μL (c. 40 ng DNA) PCR product. DMSO (1 µL for ITS1 and FLint2) or BSA (0.5 µg/µL for rbcL and matK) was added. Cycle sequencing programme for FLint2 and ITS1 was: 2 min at 96 °C followed by 32 cycles for 30 s at 96 °C, 3 min at 63 °C plus 1 s at each cycle with a final extension of 5 min at 72 °C. For rbcL and matK: 2 min at 96 °C followed by 30 cycles of 30 s at 96 °C, 15 s at 50 °C, 3 min at 63 °C plus 1 s at each cycle with a final extension of 5 min at 72 °C. Purification of the sequencing products was done by ethanol precipitation. The purified sequence reaction was run on an ABI Prism 377 automated sequencer (Applied Biosystems, Darmstadt, Germany).
alignmenT Raw sequences were examined and assembled using Sequencher version 4.8 (Gene Codes, Ann Arbor, MI, USA). Sequences were aligned using the clustalX algorithm (Thompson et al., 1997) as implemented in BioEdit (Hall, 1999) , using default settings. The alignment was checked and corrected manually. Manual correction was straightforward for rbcL and matK and needed care for ITS1 and especially Flint2. The sequences of the four regions were trimmed and concatenated into one matrix.
phylogeneTic inference
Single-gene and partitioned phylogenetic inferences were carried out employing both maximum likelihood (ML) and Bayesian Markov chain Monte Carlo (MCMC) analyses. In the case of the partitioned analyses, the data set was divided into two partitions representing the nuclear and plastid genomes and each partition was allowed to have partition-specific model parameters. Phylogenetic analyses were performed at the CIPRES portal in San Diego, California, USA (http://www.phylo.org/, last accessed on 5 April 2017 Miller, Pfeiffer & Schwartz, 2010) .
ML analyses were performed using RAxML v. 8.1.11 (Stamatakis, 2006; Stamatakis, Hoover & Rougemont, 2008 ) with a 1000 rapid bootstrap analysis followed by the search of the best-scoring ML tree in a single run. The default model, GTRCAT, was used for all partitions as advised by the authors of the software. The Bayesian MCMC analyses were performed in MrBayes v.3.2 (Ronquist et al., 2012) after the best-fit model for each DNA region had been estimated using MrModeltest (Nylander, 2004) under the Akaike information criterion (the GTR + G + I model was inferred for all partitions). We checked for possible incongruences [Bayesian posterior probability (BPP) > 0.9 and bootstrap support (BS) > 75%] before concatenating the nuclear rDNA and plastid data into a single analysis. The alignments of ITS, FLint2 and combined plastid markers were analysed with MrBayes, with analysis parameters as indicated below. The resulting maximum clade credibility trees were inspected visually for well-supported incongruence (using the same criteria as above). These were absent, which justified the concatenation of the nuclear rDNA and plastid data. Four Metropolis-coupled Markov chains with an incremental heating temperature of 0.2 were run for 10 h on the CIPRES portal (yielding 13 416 000 generations) and sampled every 1000th generation. Each analysis was repeated twice starting with random trees. The MCMC sampling was considered sufficient when the effective sampling size (ESS) was >200 and trace files for all parameters reached stationarity and converged, as verified in Tracer v1.4 (Rambaut & Drummond, 2007) . After a burn-in period of 25% per run (corresponding to the recommended approach by the MrBayes tutorial), the remaining trees were used to construct a half-compatible maximum credibility tree (i.e. majority-rule consensus from MrBayes) and its associated BPPs.
As shown by several empirical and theoretical studies (see Alfaro & Holder, 2006 for a review) BPPs have the tendency to overestimate node support. On the other hand, due to the way BPPs are defined (Ronquist et al., 2012) , these values better reflect sections of the DNA sequences supporting specific phylogenetic relationships compared to the classical bootstrap approach (see, e.g. Buerki et al, 2012) . In this regard, BPPs are well adapted to organisms exhibiting slow rates of mutation, which is the case here and in many other Araceae (e.g. Arum L.; Espindola et al., 2010) and monocots in general (e.g. Pandanus Parkinson; Buerki et al., 2012) . In this context, we consider nodes with BPPs ≥ 0.95 highly supported, but those might have quite low BS values compared to other studies (usually c. 75% or higher).
RESULTS
FLint2 issue and exclusion
For FLint2 a specific primer pair with a high melting temperature was designed based on the sequences from Grob et al. (2004) and Sedayu et al. (2010) . Highly specific amplification products were yielded. However, no sequences could be obtained from 24 taxa. These taxa clearly exhibited an overlap of two sequences, probably representing two different alleles; Grob et al. (2004) found two sequences only in the case of A. napiger and Filarum manserichense Nicolson. These exhibited different phylogenetic information. We assume that the 24 taxa which did not yield a readable sequence are either heterozygous or that two paralogous loci were amplified. Given the risk of amplifying paralogous copies across our sampled taxa and the dramatic consequences this may cause to the assessment of amongtaxa relationships, we decided to exclude FLint2 entirely from the analysis. dna sequencing ITS1 could be sequenced in nearly all taxa, with the exception of A. macrorhizus Craib, for which only the second half of the sequence could be obtained. After trimming, the sequence length varied between 353 (A. vogelianus Hett. & H.Billenst.) and 406 [A. bangkokensis Gagn., A. paeoniifolius (Dennst.) Nicolson] base pairs (bp). With the exception of A. paeoniifolius, the spacer proved to be homogeneous for all individuals of one species each, which were investigated to test the homogeneity of the ITS sequences (data not shown). As for rbcL and matK all samples yielded sequences, with a final sequence length of 1364 bp for rbcL and 735 bp for the partial matK sequence (741 in the case of A. haematospadix Hook.f.) after trimming. Thus, the final alignment, trimmed and including gaps, consisted of 2610 characters and included ITS1 (505 bp), rbcL (1364 bp) and partial matK (741 bp). Of 2610 characters, 1995 were constant, 258 variable characters were potentially parsimony uninformative and 357 characters were potentially parsimony informative. ITS1 contained 160 (45%), rbcL 101 (28%) and matK 96 (27%) of the 357 potentially parsimony-informative characters. For the outgroup taxa, only the plastid markers were included into the alignment as ITS1 proved unalignable with confidence.
phylogeneTic inference
Although differing in the level of phylogenetic resolution provided by each DNA region individually, single-gene nuclear and plastid phylogenetic trees were congruent (i.e. there is no incongruence supported with a BPP > 0.9 and/or a BS > 75%). The Bayesian single-gene phylogenetic trees are provided in Supporting Information to allow readers to further inspect species relationships and phylogenetic resolution provided by nuclear and plastid DNA regions (Figs S1, S2) . In addition to supporting congruence between the nuclear and plastid DNA sequences, the separate analyses also demonstrated that species represented by different DNA accessions were retrieved in the same phylogenetic positions (therefore, suggesting species monophyly). These preliminary analyses supported the concatenation of the nuclear and plastid DNA regions into a combined DNA matrix.
The combined partitioned phylogenetic trees generated by the Bayesian and the RAxML analyses were largely congruent in their topologies especially with respect to the definition of the four main clades (see Both phylogenetic trees support the monophyly of Amorphophallus with the highest possible score (BPP: 1.0; BS: 100%). As the topologies are largely congruent except for the higher level relationships, which are especially poorly resolved in the RAxML analysis, only the Bayesian half-compatible maximum credibility tree (majority-rule consensus tree) will be presented ( Fig. 1 ) and discussed further with reference to the bootstrap values of the RAxML analysis. For better illustration, two of the four major clades each, of the partitioned Bayesian tree are presented separately in Figures 2 and 3 .
DISCUSSION
We compare our results with the most recent molecular phylogenetic analysis of Amorphophallus by Sedayu et al. (2010) , especially with regard to the four major clades and the position of the Pseudodracontium group. Our results strongly confirm that Pseudodracontium belongs to Amorphophallus. Sedayu et al. (2010) also recognized four major clades in Amorphophallus. The recognized clades were the African clade (AFR) containing African species; the Southeast Asian (SEA) clade containing a majority of species from the Southeast Asian insular regions (Indonesia, Philippines, eastern Malaysia); the continental Asia II (CA-II) clade containing mainly species from the Asian mainland (India, southern China, Myanmar, Thailand and Indochina) and the continental Asia I (CA-I) clade containing species distributed in the same geographical region as those from CA-II. The present study recovers all four clades from Sedayu et al. (2010) . However, three species of the CA-II clade, A. rhizomatosus Hett., A. hohenackeri (Schott) Engl. & Gehrm. and A. smithsonianus Sivad., are not clearly resolved in the RAxML analysis. The two latter are discussed more closely below. The position of A. rhizomatosus as sister to the CA-II plus the African clade in the RAxML analysis can be explained by early-diverging nature of this species, showing fewer derived characters than the remaining species, with its rhizome, the simple inflorescence, without a kettle, and a plain whitish spathe (Hetterscheid & Ittenbach, 1996) . However, the position of A. rhizomatosus is well resolved in the Bayesian analysis.
The backbone of the Bayesian phylogeny, linking these four well-supported clades together, is less strong. Clades SEA and CA-II are linked at the next node with CA-I with no node support of 0.50 BPP. The next higher level node of the entire backbone links these three clades to the African clade with a support of 1 BPP for the whole genus. This is a different pattern from the backbone based on maximum parsimony in Sedayu et al. (2010) , where the CA-I and CA-II clades form a sister group pair, linked at their base with SEA and the highest level node adding the AFR clade. Although the four major clades are supported by both algorithms/ approaches, the relationships between clades remain poorly supported and would require further molecular investigations. Moreover, the Bayesian analysis of Sedayu et al. (2010) yielded low resolution for the In the RAxML analysis the monophyly of the genus Amorphophallus is supported with BS of 100%, but the structure of phylogenetic relations among the four major clades differs from the Bayesian analysis and is poorly or not supported as mentioned above.
All in all, the greatly increased number of species of the present analysis compared to that of Sedayu et al. (2010) leaves the major internal structure of the phylogeny intact, with the exception of the backbone. The relationships among these four subgroups were not at all resolved in previous studies and unfortunately still remain unclear in some points. Further investigations at a deeper phylogenetic level are required to solve this problem. Although a thorough revision of the sectional taxonomy and nomenclature of Amorphophallus is pending, it is too complex and extensive to be satisfactorily treated here. An exception is made for section Rhaphiophallus for reasons given below (see under subgenus Metandrium Stapf). However, the Bayesian phylogenetic tree presented here (Fig. 1) is the most extensive and accurate phylogenetic hypothesis proposed so far and the opportunity is used to formally name the four major clades.
In addition, a few relevant observations in the morphological and biological context of these four clades are made below, with special emphasis on some selected clades within these four groups, such as the Paeoniifolius-Manta clade (Fig. 2) , the Pulchellus and Pusillus clade (Fig. 2) , section Rhaphiophallus (Figs  2, 3) , the Pseudodracontium group (Fig. 2) and the Aphyllus clade (Fig. 3) .
infrageneric Taxonomy and subgeneric classificaTion of AmorphophALLus The history of infrageneric classification and nomenclature of Amorphophallus is complex except for the rank of subgenus. Only one subgenus has ever been established, Metandrium (Stapf, 1924) In the case of the African clade the new name is Amorphophallus subgenus Afrophallus Hett. & Claudel, subg. nov. Type species (chosen here): Amorphophallus abyssinicus (A.Rich.) N.E.Br. (Type: Quartin Dillon, P, holotype, P00083579). Diagnosis: tuber depressed to disciform, rarely globose; inflorescence and leaf appearing in same season, simultaneous or the leaf soon following the inflorescence; spathe erect often strongly constricted, base inside smooth, verrucate or with hairlike papillae; spadix shorter than spathe or longer; staminodes absent; styles absent or short (rarely long: A. gallaensis); berries orange or red. Distribution: tropical and subtropical Africa and Madagascar. The name Afrophallus refers to the exclusive occurrence of this subgenus in Africa (including Madagascar). No species of any of the other three subgenera occur in Africa.
subgenus AmorphophALLus: The pAeoniiFoLius-mAntA clade
The Paeoniifolius-Manta clade (Fig. 2) , of which 12 species are analysed in this study, has jumped from a basal position in the CA-I clade in Sedayu et al. (2010) to a similar position in the SEA clade in this study. Its position in Sedayu et al. (2010) was unsupported, whereas in this study it is positioned to create the highest level node of the entire SEA clade (BPP: 1.0; BS: 90%; Fig. 2 ). In Sedayu et al. (2010) The content of this clade as recovered in this study was unexpected considering the gross morphology of the species. Notably the inclusion of A. rostratus is remarkable from morphological and geographical points of view, given its origin in the Philippines, whereas all other species show a much more western distribution. Looking more closely to morphological detail, the characters differing between A. rostratus and other closely related species from the Philippines (notably A. dactylifer Hett., A. declinatus Hett. and A. adamsensis L.M. Magtoto et al.) , do seem to fit the most common habit found in the Paeoniifolius-Manta clade, notably the red-leafed seedling leaves (shared with A. manta, A. angulatus, A. pendulus and A. hirsutus) and the lack of offset development on the tuber (shared with A. manta, A. angulatus, A. pendulus, A. bufo and A. hirsutus) . Further internal structure of the Paeoniifolius-Manta clade shows a supported subclade of A. paeoniifolius, A. prainii, A. koratensis, A. opertus and A. scaber with full support (100 BPP). These species share a sessile inflorescence with thick, leathery spathes, strongly stretching peduncles when fruiting, tubers with thick annulated root scars and short to long rhizomatous offsets (with the exception of A. prainii). With the exception of A. prainii and A. bangkokensis (forming their own subclade), all possess strongly verrucate petioles. Amorphophallus hirsutus, fitting this group well from a morphological point of view, is not included. Its inflorescence morphology is nearly 100% identical to that of A. paeoniifolius and A. bangkokensis. It shares the smooth petiole with A. prainii and A. bangkokensis. However, its most peculiar feature, unique in the genus, is the upper part of the appendix suddenly narrowed to a stump-like, truncate top covered with short, stiff bristle-like hairs. Its place in the present phylogenetic analysis and its peculiar mixture of characters may indicate its origin from a fairly recent hybridization event involving at least either A. paeoniifolius or A. bangkokensis and A. prainii. Sedayu et al., 2010) (Fig. 2) . Both are strongly supported with values 0.99 BPP (BS: 91%) and 0.99 BPP (BS: 73%), respectively. The Pulchellus-clade, containing A. pulchellus, A. myosuroides Hett. & A.Galloway, A. ongsakulii and A. claudelii A.Galloway & A. Ongsakul (the latter not included in our analysis), was not analysed by Sedayu et al. (2010) . All four species are from Laos and were discovered and described recently (Hetterscheid, 2006 Hetterscheid, Yadav & Patil (1994) and Jaleel et al. (2011) . In both papers the authors suggested the taxonomic reality of this section to be strongly supported by morphological characters. However, in all molecular studies of Amorphophallus to date (Grob et al., 2002 (Grob et al., , 2004 Sedayu et al., 2010) including the present one, the species group putatively composing section Rhaphiophallus was shown to be polyphyletic, consisting of two independent groups. One containing A. hohenackeri and A. smithsonianus found in the subgenus Scutandrium in the present analysis (Fig. 2) . The other containing A. sylvaticus (Roxb.) Kunth, A. konkanensis Hett., Yadav & Patil, A. margaritifer (Roxb.) Kunth and A. longiconnectivus Bogn. found in subgenus Metandrium in the present analysis (Fig. 3) . This result was known to Jaleel et al. in 2011, but , although their paper also incorporated a molecular approach, the authors left the taxonomic status of the section undiscussed.
A remarkable discrepancy between molecular and morphological phylogenetic results like this cannot be ignored. A first step in such a re-evaluation is always to look more closely at the nature and phylogenetic value of the morphological traits involved (see Stuessy, Mayer & Hörandl, 2003 for a new and thorough explanation of morphological analysis in phylogenetic frameworks). Engler (1911) knew of three species belonging to section Rhaphiophallus: A. hohenackeri (type species of section Rhaphiophallus), A. sylvaticus (type species of section Synantherias) and Plesmonium margaritiferum Schott (type species of Plesmonium = A. margaritifer). Section Rhaphiophallus was recognized based on the possession of flattened 'neuter flowers' between the female zone on the spadix and male zone and the presence of a short style. Section Synantherias was also based on such a sterile zone but lacking a style (a wrong observation because the species clearly has a short style). Both sections were part of Amorphophallus based on the possession of a fully sterile appendix. Plesmonium was maintained by Engler on the basis of the fertile male zone extending to the tip of the spadix (= lacking a sterile appendix) and the possession of large, pearlike sterile structures between female and male zones. Barnes & Fisher (1939) described a further species (A. mysorensis E.Barnes & C.E.C.Fisch.) from this species alliance, associating it with A. sylvaticus based on sharing a sterile appendix and the globose neuter flowers. Bogner (1985) and Bogner et al. (1985) considered the lack of a sterile appendix in Plesmonium margaritiferum an irrelevant difference with Amorphophallus and subsequentially merged the former into the latter. This was followed by Sivadasan (1989) when he described the new species A. smithsonianus and merged sections Synantherias and Rhaphiophallus under the latter, the name with nomenclatural priority. Since then section Rhaphiophallus has been maintained (see above). The last remaining morphological support for the section is the sterile organs between female and male zone. Hetterscheid et al. (1994) challenged this point arguing that the sole remaining 'unique' character is in fact not unique in Amorphophallus and could thus not be used without a relevant phylogenetic analysis of the entire genus. However, no alternative was presented.
Palynological data (Van der Ham et al., 1998) represent an addition to the present molecular results. Three of the species in subgenus Metandrium possess pollen grains with a smooth (psilate) exine, whereas one (A. sylvaticus) has a warty (verrucate) exine of a unique subtype in Amorphophallus. This clade of four species forms the sister group to three species [A. bulbifer (Roxb.) Bl., A. muelleri and A. xiei H. Li & Dao] and this clade receives BPP support value of 1 (100 RAxML). The three species mentioned form their own small clade with equal support. Two of these three species also possess pollen with psilate exines; for A. xiei the character is unknown. Pollen grains of the two species in subgenus Scutandrium are fossulate (A. hohenackeri) or striate (a unique variant of this with scabrate ridges, otherwise unknown in Araceae). Section Rhaphiophallus in its present sense would thus show a strange mixture of pollen exine types. Tuber and leaf characters may also support the split as suggested from molecular phylogenetic trees.
subgenus scutAndrium: pseudodrAcontium and AmorphophALLus The nesting of the Pseudodracontium group in the genus Amorphophallus (Fig. 2) is again confirmed (Hetterscheid & Claudel, 2012) . The clade containing the Pseudodracontium group is well supported (BPP: 0.94; BS: 74%; Fig. 2 ). Its position in the present molecular phylogenetic analysis as sister to a clade consisting of two smaller clades (Longituberosus subclade and the Saraburiensis subclade) creates a larger clade in which especially the chemistry of the volatile parts of the scent is interesting. Scents of 92 species have been chemically analysed over the years (Kite & Hetterscheid, 1997; Kite et al., 1998; Hetterscheid & Kite, in press ). Whereas scents composed of oligomethyl oligosulphides dominate in a majority of Amorphophallus spp., creating a rather upsetting gaseous/sewage-like smell, all four species of the Longituberosus clade produce a strong anise scent. The major component of this scent is 4-methoxyphenetyl alcohol, otherwise known as anise oil. The only other occurrence of this component in Amorphophallus is as a trace element in the scent of a number of former Pseudodracontium spp. The dominant chemicals in the former Pseudodracontium spp. are again the oligomethyl oligosulphides. Additionally, there is the remarkable scent of the species of the Saraburiensisclade, which is strongly cheesy. This is brought about by a frequent compound in their smell, isocaproic acid. The strongly different smells in this clade are exactly paralleled by inflorescence morphology differences. Sister taxon to the clade consisting of the former Pseudodracontium, Longituberosus and Saraburiensis clade, is A. haematospadix. This species has a unique banana-like scent, consisting of ethyl acetate and isoamyl acetate. Since the clade including A. haematospadix receives strong support in the Bayesian analysis (0.98 BPP, 55 BS), there is enough evidence to support the inclusion of the former genus Pseudodracontium in this position. Other evidence is that all members of the clade starting from Pseudodracontium encompass elongate tubers. This forms a distinct synapomorphy. In contrast A. haematospadix has a globose/depressed globose tuber, which represents the plesiomorphic state with the sister clade to the HaematospadixPseudodracontium clade containing only species with (depressed-)globose tubers.
subgenus AFrophALLus: AphyLLus clade As described by Hetterscheid & Ittenbach (1996) and Sedayu et al. (2010) the most prominent apomorphy of subgenus Afrophallus (Fig. 3) is the unique seasonal cycle of the genus. Each year, both flowering/fruiting and leafing occurs in mature tubers. This specific growing cycle supports the molecular-based monophyly of subgenus Afrophallus.
Nested in subgenus Afrophallus is a clade consisting of three species from western Africa displaying a unique and highly derived inflorescence type, A. aphyllus (Hook.) Hutch., A. elliottii Hook.f. and A. dracontioides (Engl.) N.E.Br. They form the most strongly supported clade in Afrophallus, named the Aphyllus clade here.
Most eye-catching in all three species are the swollen, ovate, thick-walled appendices, with a blackish surface, densely reticulated with fissures in between. The appendix surface may be broadly flattened or raised. In two species (A. elliottii and A. dracontioides) the spathe is strongly hooded, hiding the spadix from sight, but in A. aphyllus, the spathe is cup-shaped, exposing the appendix. When in flower the latter species resembles strongly mammalian dung. All three smell strongly of mammalian dung and A. aphyllus is known to attract flies (B. Suchy, pers. comm.). All three species grow in grassy savannah with occasional bushes and small deciduous trees. The species flower late in the dry season with their inflorescences well exposed. After pollination the leaf development starts alongside the development of the grassy vegetation surrounding the plants and reveal another unique feature: all three species possess narrowly lanceolate leaflets which resemble grass and thus hide the plants from sight in the vast grassy areas. After fertilization the peduncle elongates dramatically, transforming the sessile inflorescence to a long pedunculate infructescence and exposing the fruiting head with bright red berries among and above the grass, most probably in order to attract birds for dispersal of the seeds.
Fly attraction and pollination are also supported by the echinate pollen, which is rare in Amorphophallus and confined to subgenus Afrophallus. In subgenus Afrophallus three echinate pollen types are found of which the three species mentioned here, share one unique subtype (Van der Ham et al., 1998 , 2000 , 2005  'subtype a' with short, unstoreyed, basally connected spines). Echinate pollen is often associated with fly pollination in Araceae (Gibernau, 2003; Punekar & Kumaran, 2010) and the types here point to the carrion variety (sapromyophily; Proctor, Yeo & Lack, 1996) .
CONCLUSIONS
In this study we have provided support for the monophyly of the genus Amorphophallus, comprising Pseudodracontium. By including nearly three quarters of extant Amorphophallus species, we confirm previous subgeneric clade delineation with stronger support than previously obtained and name four subgenera. In addition, we also establish strongly supported clades at the within-subgenus level. Our study sets the grounds for future studies aiming at investigating the morphological evolution and historical biogeography of this spectacular genus.
